Abstract-Dual-layer graphene (DLG) interconnects with hexagonal boron nitride (h-BN) as intercalated insulating layer have been demonstrated. The DLG employs graphene grown by chemical vapor deposition process with h-BN serving as a barrier preventing interlayer scattering, which degrades carrier transport in multilayer graphene. The conductive behavior in dual-layer structures is compared with monolayer graphene and randomly stacked bilayer graphene. Reduced resistance is observed in DLG, which exhibits higher current-carrying capacity and maximum power density. In addition, DLG wire is shown to be robust under constant voltage stressing (10 V) at an elevated temperature (150°C) with the mean time to failure ∼75 times higher than that of stacked bilayer graphene wires.
I. INTRODUCTION

L
OW current-carrying capacity, high power dissipation and increased RC-delay are the major challenges toward achieving ultra-scaled, high-speed metal interconnects for integrated circuits (ICs) and are the main factors driving the current research in the area [1] , [2] . The performance limitation in copper wires is attributed to carrier scattering at both material interfaces and grain boundaries [3] , as well as electromigration and heat-induced failure at scaled dimensions [4] , [5] . Recently, graphene has emerged as a front runner for potential interconnect design in the post-Cu era due to its excellent material/electrical properties, including high breakdown current and robustness to electromigration [6] . Monolayer graphene with current densities over 10 8 A/cm 2 have been reported [7] . Enhancement in conduction has been demonstrated with 2D layered insulator h-BN as a supporting substrate [8] and/or encapsulating layer [9] . The superior thermal conductivity of h-BN leads to improved graphene breakdown behavior. While graphene exhibits current density ∼100 times higher than Cu, its atomically-thin nature limits the deliverable current. Further enhanced conduction has been Manuscript received September 11, 2014 made by stacking graphene to create a "three-dimensional" stack [10] . The layer-by-layer assembly leads to a multilayer system with random stacking order between adjacent layers. While each monolayer serves as a conduction channel (to increase total current), interlayer scattering is responsible for the observed non-linear behavior in resistivity with addition of graphene layers [11] .
In this work we study the electrical behavior of the dual-layer graphene (DLG) structure with a thin h-BN layer intercalated between two graphene monolayers. The h-BN layer is inserted to screen the interlayer scattering. The electrical conduction, breakdown behavior, and robustness to electrical stressing (at elevated temperature) are investigated in the DLG wire system.
II. EXPERIMENT
Monolayer graphene was grown on copper foil and was then transferred onto Si/SiO 2 substrate using the PMMA/iron chloride assisted technique. Graphene was then patterned with e-beam lithography and excessive graphene was etched away with O 2 plasma-based RIE to form interconnect wires. The process has been described in detail in our prior publication [8] . Thin flake of multilayer h-BN with a measured thickness of 22 nm was exfoliated using micromechanical cleavage approach, followed by transferring, patterning, and etching of another graphene monolayer on top. Metal contacts (5 nm Ti / 40 nm Au) were then formed on the dual-layered graphene structure. The wire samples were annealed overnight at 300°C in forming gas to minimize the hysteretic effect. The overall fabrication process is schematically shown in Fig. 1 . All electrical characterization was done under vacuum conditions on a Lakeshore Cryotronics probe station using an Agilent B1500A semiconductor parameter analyzer.
III. RESULTS AND DISCUSSION
The Raman spectra of the DLG sample are shown in Fig. 2 (a) before and after the addition of the second graphene layer. Distinct peaks for h-BN (1365 cm −1 ) and graphene (G-and 2D-peaks) are observed. The 2D peak for a BLG wire is a superposition of four sub-peaks each shifted from each other by a few wavenumbers. This is the direct consequence of interlayer scattering which causes a split in the electronic bands in the E-k spectrum of bilayer graphene. In the absence of the interlayer scattering (as is the case with monolayer 0741-3106 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. graphene and turbostratic bilayer graphene), the 2D peak is sharper. Consequently, a higher I 2D /I G ratio confirms reduced inter-layer scattering. We observed an increase of 28% in the I 2D /I G ratio for the DLG wire. Fig. 2(b) shows the currentvoltage characteristics of the DLG wire with reference to monolayer and bilayer graphene under vacuum condition. Here, "bilayer graphene" was prepared by randomly stacking two monolayer graphene sheets. It can be seen that the current passing through the wire is much higher in DLG sample as compared with the two reference samples. The occurrence of two separate breakdown processes in DLG sample indicates nearly equal contribution from the two composing graphene monolayers. The apparently good metal contact to the dual-layer graphene structure could be possibly attributed to the surface-induced hybridization between graphene and Ti, as recently reported in a theoretical study [12] . As shown in Fig. 2(b) , the breakdown of DLG wire occurs at a considerably higher value of applied DC voltage (16V), as compared with bilayer graphene without h-BN as a barrier layer (10.8V). It should be noted that the non-linear behavior in the I-V characteristics of the DLG wire can be attributed to self-heating of the wires [7] . The breakdown current in DLG sample is increased by ∼2.25 times, as compared with that in a bilayer sample. The overall current-carrying capacity is increased (nearly doubled) in DLG wire. This improvement can be attributed to the fact that the graphene/h-BN interface is known to be minimally invasive to graphene's electrical properties as compared with graphene/SiO 2 and graphene/vacuum interface. While monolayer graphene structure under test has SiO 2 and vacuum as its immediate dielectric environment affecting graphene properties from both sides, the individual graphene wires in the DLG structure have SiO 2 & h-BN and h-BN & vacuum, respectively, as dielectric environment where at least one side is preserved due to the presence of h-BN. Fig. 3(a) shows the breakdown current densities measured from all the three wire samples under vacuum. The width and length dimensions for each of the tested samples are 500 nm and 4 µm. The power density dissipated at breakdown, i.e., P BD = J BD (V BD -I BD R C ), [13] is a metric for benchmarking the performance of graphene interconnects, as it correlates the electrical and thermal effects under high current stressing.
The measured values of P BD for the three tested wire samples are shown in Fig. 3(b) . The individual wires in a bilayer system can only dissipate the thermal energy through one surface as opposed to heat dissipation from both surfaces of monolayer graphene. Hence, the breakdown power density for bilayer graphene systems is lower than that for monolayer graphene. It can be seen that the introduction of h-BN as a barrier layer between graphene sheets helps to boost the power density the heterostructure is able to withstand before breakdown. Due to its high thermal conductivity of 600 W/m·K in-plane and 30 W/m·K through-plane, h-BN serves as a heat sink. Compared with SiO 2 and vacuum with thermal conductivity of 1.5 W/m·K and 0.05 W/m·K, respectively, h-BN is able to dissipate a considerably higher amount of thermal energy, before the Joule-heating induced damage occurs in the wires. This is also the reason for observed higher breakdown current density in the DLG wires.
The impact of electrical stressing on the graphene wires was also investigated. Elevated temperature was used to mimic the extreme condition in realistic chip operation. In our experiment the probe station chuck temperature was raised to 150°C for testing interconnect wire performance. A constant DC voltage (10V) was applied across the graphene wire. The measured current density in the DLG sample under the constant-voltage stressing is ∼500 mA/cm 2 which is two orders of magnitude higher than the typical values obtained from Cu interconnects. The shift of resistance in graphene wire was previously reported as a result of electrical stressing [14] . To study the reliability behavior of graphene interconnects, we define the mean-time-to-failure (MTTF) as the point at which a 50% increase (degradation) in wire resistance occurs, as consistent with the literature [14] . Fig. 4(a) is the measured result showing the change in wire resistance with time under voltage stressing under vacuum. It can be seen that wire resists to failure for a time period up to 2.5 hours. Even at a considerably higher current density, this number is comparable to that of Cu interconnects for current technology generations. It should be noted that the lifetime of graphene wire has been shown to be directly associated with the amount of defects in graphene and at the wire/substrate interface [14] . Since the graphene/h-BN interface is devoid of dangling bonds and trap charges due to the atomically smooth nature of h-BN, increased wire lifetime is expected for graphene/h-BN heterostructure wires. In Fig. 4(b) , the comparison of the MTTF values for the tested monolayer, bilayer, and dual-layer graphene wire samples is shown. It is observed that the MTTF value for DLG wire is ∼75 times and 4000 time higher than that for bilayer and monolayer graphene wires, respectively.
IV. SUMMARY
We performed study on electrical conduction and reliability of dual-layer graphene heterostack wire containing a thin h-BN as the barrier layer. Significant improvement in interconnect metrics, including current-carrying capacity and maximum power density at (breakdown) are observed in DLG wires, as compared with monolayer and stacked bilayer graphene. We observed that, under DC voltage stressing (at 150°C), the DLG demonstrates longer lifetime as compared with monolayer and bilayer graphene. The improved electrical performance and reliability are attributed to the nearly-perfect graphene/h-BN interface, reduced interlayer coupling, and superior capability of h-BN to retard Joule-heating induced failure at high currents. The demonstrated graphene heterostack could be used as a key building block towards realizing high-speed, scalable carbon interconnects in the post-copper era.
